Abstract. The direct radiative forcing of 65 chlorofiuorocarbons, hydrochlorofiuorocarbons, hydrofiuorocarbons, hydrofiuoroethers, halons, iodoalkanes, chloroalkanes, bromoalkanes, perfiuorocarbons and nonmethane hydrocarbons has been evaluated using a consistent set of infrared absorption cross sections. For the radiative transfer models, both line-by-line and random band model approaches were employed for each gas 
Introduction
The Kyoto Protocol calls for international limits on the emission of greenhouse gases such as CO2, N20, CH4, HFCs, and SF6. To compare the relative impact of different greenhouse gas control strategies, it is necessary to place the climatic impacts of various greenhouse gases on a common scale. For any meaningful scale, knowledge of the radiative forcing for each gas is required. As a result of the Montreal Protocol a large number of different compounds are under consideration as replacements for chlorofiuorocarbons. In comparing the environmental impacts of these replacements, it is necessary to consider their potential effect on global climate. Over the past 5-10 years, there have been carbons and hydrocarbons, 11 of which have not been reported to our knowledge. To maximize the experimental precision, the infrared spectra of all of the compounds (except CFC-11, HFC-245fa, perfiuorocyclobutane, trichloromethane, and 1,2 dichloromethane) were measured using the same experimental techniques and apparatus [Pinnock et al., 1995] . Two different radiative transfer models were utilized for each of the gases in order to quantify the impact of the model on the radiative forcing result.
Radiative transfer calculations performed using the line-by-line approach were carried out using which is defined as the net change in irradiance at the tropopause from the inclusion of a greenhouse gas, after the stratospheric temperatures have been allowed to adjust to this change and return to a radiative equilibrium. To include clouds and stratospheric adjustment is computationally expensive for the line-by-line model. Hence the clear-sky "instantaneous radiative forcing," which does not include stratospheric adjustment, is also used for each gas to calibrate a narrowband model which is used for the calculation of the adjusted forcings. No previous study has used line-by-line calculations for such a large number of gases. A discussion of the models, radiative forcings, global warming potentials (GWPs), and a comparison with other values found in the literature concludes this study.
Validation of the Reference Forward

Model
Line-by-line model calculations were performed using the Reference Forward Model (RFM) [Dudhia, 1997] . 
Comparison With Observations
A validation of the model, however, can necessarily be achieved only by a comparison with observations. In this case, radiance measurements were used that were recorded by the ARIES instrument and provided by J. P. Taylor 
The Radiative
Transfer Models In the process of double checking the old spectra, we found there was a small shift in the baseline of 13 of the old spectra. Accordingly, we remeasured the infrared spectra of all of the gases and report the new results given in Table 2 . After remeasurement, we found that seven of the 44 spectra had integrated cross sections which were more than 10% different from our published measurements. These compounds are indicated in Ta 
Radiative Forcings and Global Warming Potentials
The Effect of Nonuniform Vertical Profiles
The adjusted, cloudy-sky, global, and annual mean radiative forcings are shown in Table 3, •Radiative forcing for a constant trace gas profile. There is clearly much uncertainty in applying such corrections, and this will be a significant source of error; however, the errors in using these corrections should be lower than the error in applying no correction at all.
After application of these corrections, we believe that the uncertainties in the calculated forcings arising from different treatments of the vertical profile of the gases will be comparable to the errors in the spectroscopic measurements, the radiation scheme, and the choice of tropopause (each of the order of 5-10%).
Results
The global and annual mean forcing values, averaged where more than one cross section was used, are shown in Table 3 NBM to calculate the adjusted, cloudy-sky forcings, as illustrated in Table 5 . The NBM instantaneous, clearsky forcings using the effective cross sections are in good agreement with the FRFM values, which suggests that the difficulties encountered by band models for sharp spectral signatures can be corrected for in the absorption cross-sectional spectra. These two methods, calibrating the broadband instantaneous (clear-sky) NBM forcing for each gas to that calculated using the FRFM and then scaling the adjusted (cloudy-sky) forcing, or calculating the adjusted forcing using an effective cross section, are shown to agree to better than 3% in Table 5 .
This strongly suggests that the differences in forcings between the two models for each gas are unaltered by the inclusion of clouds or stratospheric adjustment. H-Galden 1040X is the strongest greenhouse gas in this compilation, with a forcing of 0.987 W m -2 ppbv -1, where 59% of the integrated cross section lies within the 800 to 1200 cm -1 atmospheric "window" Table 3 and those reported previously by Highwood et al. [1999] reflect the improved infrared absorption cross sections used for these species in the present work. Finally, the forcing for CF3SF5 is included here for completeness but is the subject of a separate study [Sturges et al., 2000] . We are unable to fully explain these discrepancies. Differences in the absorption cross section can explain about half the discrepancy for HFC-23 and one third that for HFC-32 but very little for the other two gases. The narrowband and line-by-line results agree well for these gases, and our narrowband model is similar to that used by Jain et al. [2000] . It will probably be necessary to do a tight intercomparison of the two sets of work to resolve the cause of these differences.
Conclusions
Cloudy-sky, adjusted radiative forcings for 65 halocarbons and nonmethane hydrocarbons have been calculated using a narrowband model and the FRFM lineby-line code. The FRFM was compared with other lineby-line radiation codes and found to agree in irradiance to better than 1.5% and in CO• forcing to better than 1.0%. The FRFM was further validated against observations using the ARIES instrument and found to agree to better than 1.8% in frequency-integrated radiance. Both models were used to calculate the radiative forcings, using absorption cross sections measured principally at the Ford Motor Company. The radiative forcings for 11 of the gases, including four isomers, have, to the author's knowledge, not been published previously. The combination of the use of a validated line-byline code, the reassessment of the infrared spectra, and the use of a single methodology for all gases suggests that the forcings presented here are a general improvement over WMO [1999] . The 65-molecule data set reported here is the most comprehensive and consistent database yet available to evaluate the relative impact of halocarbons and nonmethane hydrocarbons on climate change. There remains a need to compare absorption spectra, radiative forcing values, and the impact of vertical profiles on the forcing. The work presented here will contribute to such comparisons.
